Abstract. L-band radiance measurements such as these from the SMOS satellite can be used to distinguish thin from thick ice under cold surface conditions. However, uncertainties can be large due to assumptions in the forward model that converts brightness temperatures into ice thickness, and due to uncertainties in ancillary fields which need to be independently modelled or observed. It is therefore advisable to perform a critical assessment with independent observational and model data, before using these data for model validation or data assimilation. Here, we discuss version 3.1 of the University of Hamburg L3C 5 SMOS sea-ice thickness data set (SMOS-SIT) from autumn 2010 to spring 2017, and compare it to the results of the global ocean-sea ice analysis ORAS5. It is concluded that SMOS-SIT provides valuable and unique information on thin sea ice during winter, both in terms of the seasonal evolution and interannual variability. Overall, there is a promising match between SMOS-SIT and ORAS5 early in the freezing season (October-December), while later in winter, sea ice is consistently modelled thicker than observed. This seems to be mostly due to deficiencies of the model to simulate polynyas and fracture zones. However,
tigation is a step towards eventual assimilation of the data, although successful assimilation will require further improvements in the model, observation retrievals, and data assimilation methods.
Model and data

SMOS-SIT sea ice thickness product
25
Thin sea ice thickness (nominal cut-off at 1.5 m) has been retrieved at the University of Hamburg from L-band brightness temperatures measured by the MIRAS radiometer on board of SMOS. The retrieval algorithm consists of a thermodynamic sea ice model and a one-ice-layer radiative transfer model (Kaleschke et al., 2012; Tian-Kunze et al., 2014) . The resulting plane layer thickness is multiplied by a correction factor assuming a log-normal thickness distribution (Tian-Kunze et al., 2014) . The algorithm has been used for the operational production of a SMOS-based sea ice thickness data set in polar-stereographic projection 30 in 12.5 km grid resolution from 2010 on (http://icdc.cen.uni-hamburg.de/1/daten/cryosphere/l3c-smos-sit.html) (Tian-Kunze et al., 2014) . In this study we use the most up-to-date version (v3.1, based on v620 L1C brightness temperatures), which has been produced operationally since October 2016. The v3.1 data for the previous winter seasons had been reprocessed using the same algorithm. The previous versions of the algorithm have been described in Kaleschke et al. (2012) ; Tian-Kunze et al.
(2014); Kaleschke et al. (2016) , who also provide comparison to EM-bird measurements, infrared-derived, and modelled sea ice thickness.
Brightness temperature used in the algorithm is the daily mean intensity, which is the average of horizontal and vertical polarization. Over sea ice, the intensity is almost independent of incidence angle. The average over the incidence angles 0-40
• is 5 taken, in order to reduce the brightness temperature uncertainty to about 0.5 K. In the beginning two years of SMOS operation, the signals were strongly influenced by Radio Frequency Interference (RFI). In the algorithms prior to v3.1, RFI contaminated snapshots have been discarded using a threshold value of 300 K, applied either to horizontal or vertical polarization. However, in v3.1 the new quality flags given in the v620 L1C data have been implemented to identify the data contaminated not only by RFI but also by sun, or by geometric effects.
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The retrieval method needs additional auxiliary data as boundary conditions for the thermodynamic as well as the radiation model: bulk ice temperature is estimated from surface air temperature extracted from the JRA-55 atmospheric reanalysis (ONOGI et al., 2007) . Bulk sea-ice salinity is calculated with the methods described in Tian- Kunze et al. (2014) based on a weekly climatology of sea surface salinity from a simulation with the MIT General Circulation Model (Marshall et al., 1997) covering the years 2002-2009. Brightness temperatures over sea ice depend on the dielectric properties of the ice layer, which 15 vary with ice temperature and ice salinity (Menashi et al., 1993; Kaleschke et al., 2010 Kaleschke et al., , 2012 . For a thin ice layer, the ice temperature gradient within the ice can be assumed to be linear. The retrieval algorithm works only under cold conditions: the presence of surface melting invalidates the retrieval assumptions.
Ice thickness uncertainties are given pixel-wise each day in the data set. There are several factors that cause uncertainties in the sea ice thickness retrieval: the uncertainty of the SMOS measurements, the uncertainties in the ice temperature and ice 20 salinity, and the assumptions made for the radiation and thermodynamic models, for example 100% ice coverage. A 100% ice coverage assumption made in the retrieval can cause underestimation of ice thickness if the condition is not met (Tian-Kunze et al., 2014) . Other than in previous versions, in v3.1 we also consider the uncertainty caused by the thickness distribution function, which is estimated to be less than 10 cm.
For more detailed technical information and a discussion of the limits of SMOS-SIT please refer to the Appendices. pendix A shows that there are some substantial differences in the SMOS-SIT data set between the current version 3.1 and the previous version 2. 3 . In Appendix B, the fundamental limits of retrieving sea-ice thickness from SMOS brightness temperatures are touched upon, and evidence for these limits from the data themselves is presented. Appendix C discusses unrealistic day-to-day fluctuations in retrieved sea-ice thickness, and Appendix D demonstrates that using SMOS-SIT without removing high-uncertainty data points can lead to wrong conclusions when studying year-to-year variability of thin sea ice. 
ORAS5 sea-ice-ocean reanalysis
The ECMWF ocean reanalysis system 5 (ORAS5) is a state estimate of the global ocean and sea ice from 1975 to today, and is being used to provide ocean and sea ice initial conditions for operational forecasts at ECMWF (Zuo et al., 2017) . The NEMO ocean model version 3.4.1 (Madec, 2008) has been used for ORAS5 in a global configuration with a tripolar grid with a resolution of 1/4 degree at the equator. One of the poles of the grid is located on the Antarctic continent, and the other two are in Central Asia and North Canada. Horizontal resolution in northern high latitudes ranges from less than 5 km (Canadian Archipelago south of Victoria Island) to about 17 km (Bering Sea and Sea of Okhotsk). There are 75 vertical levels, with level spacing increasing from 1 m at the surface to 200 m in the deep ocean.
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ORAS5 contains the dynamic-thermodynamic sea ice model LIM2 (Fichefet and Maqueda, 1997) . The sea ice model is run with a viscous-plastic rheology. LIM2 has fractional ice cover, a single ice thickness category (Hibler III, 1979) , and calculates vertical heat flux within the ice according to the three-layer Semtner scheme (Semtner, 1976) . Snow on sea ice is modelled, but melt ponds are not.
Forcing fields for ORAS5 are derived from the atmospheric reanalysis ERA-Interim (Dee et al., 2011) until the end of 2014,
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and from the operational ECMWF atmospheric analysis from the beginning of 2015 on. Sea surface temperature is constrained to observations from the UK Met Office Operational Sea Surface Temperature and Sea Ice Analysis (OSTIA) by a strong restoring term. Assimilation of subsurface ocean temperature and salinity, of sea ice concentration and sea level anomalies is performed using a 3DVar-FGAT procedure (Daget et al., 2008) . The length of the data assimilation window is 5 days.
Sea-ice concentration in ORAS5 is assimilated from the level-4 OSTIA product (Donlon et al., 2012) . Sea-ice concentration 15 in OSTIA is created by interpolating the OSI-SAF sea ice products (http://osisaf.met.no/p/ice) to a global regular grid with 1/20 degree resolution and filling in missing values. The sea-ice concentration assimilation is univariate with no direct impact on the floe ice thickness. However, mean ice thickness (i.e. ice volume per area) is directly impacted by the assimilation increments (see Tietsche et al. (2013) for details). There is no assimilation of sea-ice thickness observations in ORAS5.
ORAS5 consists of five ensemble members which are obtained by perturbing forcing fields according to uncertainties derived 20 from inter-product differences, and by assimilating observations that were sampled in a slightly different way for each ensemble member.
For a full description of the immediate predecessor of ORAS5, see the documentation of ORAP5 in Zuo et al. (2015) ; Tietsche et al. (2015) .
3 Pan-Arctic reanalysis-observation departures 25 SMOS-SIT data provides essential information about sea ice that is complementary to observation of sea ice concentration by higher-frequency passive microwave channels. To illustrate that, Figure 1 shows SMOS-SIT sea-ice thickness together with sea-ice concentration from the OSTIA product for a day early in the freezing season, and for a day late in the freezing season.
Early in the freezing season, there are large areas of newly-formed sea ice that is thin. Figure 1a) shows that in the Beaufort and Chukchi Seas as well as the part of the Arctic Ocean adjacent to them, sea ice thickness of 0.6 − 0.7 m dominates. In the
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Baffin Bay, sea ice thickness from SMOS-SIT is even thinner, at around 0.2 − 0.3 m. All these regions exhibit high sea-ice concentration of above 90% (Figure 1b) . Thus, the OSTIA sea-ice concentration product can not be used to differentiate them from the areas of older ice in the Central Arctic.
[ Figure 1 about here.] Sea-ice thickness in ORAS5 in early winter is comparable with that of SMOS-SIT (Figure 1c) . However, the model tends to simulate thicker ice on average. Positive departures dominate, especially close to regions of thick ice. There are a few places in the Beaufort and the Siberian Shelf Seas with negative departures, but in most of the thin-ice areas ORAS5 simulates ice around 0.4 m thicker than retrieved by SMOS-SIT. Part of the reason for this might be the simplified representation of thin ice 5 in ORAS5, which tends to drive modelled sea-ice thickness towards 0.6 m during the freeze-up, as can be seen in Figure 8 As can be seen from Figure 2a , in early winter the agreement between SMOS-SIT and ORAS5 sea ice thickness is quite promising. The distribution is roughly along the one-to-one line. However, the overestimation of sea-ice thickness by ORAS5, which was already visually apparent from the maps in Figure 1 , is confirmed. For observed sea-ice thickness between 0 and 0.3 m, ORAS5 sea-ice thickness is about 0.3 m higher. The agreement becomes better for higher observed sea-ice thickness in the range 0.5-1 m. Note that the scatter density distribution has wide tails in the ORAS5-SIT. For instance, for 0.4 m SMOS-SIT,
ORAS5 SIT of up to 1.5 m exist. This is not so obvious in the scatter density, but clearly visible in the corresponding scatter plot that tends to highlight outlier data points (not shown). It is worth noting the curved shape of the scatter density distribution, which highlights the non-linear dependence of typical analysis-observation departures on the thickness range observed.
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In late winter, ORAS5 has much higher sea-ice thickness than SMOS-SIT (Figure 2b) . Departures between 0.5m and 1m are common throughout the SMOS-SIT thickness range of 0-1m. There is a more linear shape of the scatter density distributionthis is promising in principle, but could result from compensating errors in different regions, which would make the relationship less relevant. The scatter distribution is also much wider than for early-winter, indicating larger and more uncertain analysisobservation differences.
The larger discrepancy in later winter has several causes. Figure 1 (c-f) illustrate the most obvious one: the numerical sea-ice model does not simulate polynyas and fracture zones well. But there are other causes, some of which related to the properties of SMOS-SIT data. In the following Section, we analyze the late-winter departures in more detail.
Regional contrasts
There is considerable regional dependence of the departures in late winter (February to April). Figure 3 shows the SMOS-
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SIT/ORAS5 scatter density as in Figure 2b ), but for three key regions separately: the Barents and Kara Seas, the Laptev Sea, and the Baffin Bay.
For the Barents and Kara Seas (Figure 3a) , the departure statistics are almost as good as for the pan-Arctic in early winter ( Figure 2a ). We can conclude that this region has relatively good agreement between ORAS5 and SMOS-SIT sea ice thickness throughout the winter.
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In the Laptev Sea (Figure 3b ), ORAS5 has no ice thickness below 1m, whereas SMOS-SIT detects a lot of ice thinner than 1m. There is hardly any correlation between ORAS5 and SMOS-SIT ice thickness, as the features of the scatter density are mostly horizontal. This behaviour is consistent with our earlier assessment that polynyas do occur frequently in the Laptev sea in late winter, and that they are detected by SMOS-SIT but not well represented in ORAS5.
Finally, Figure 3c shows the late-winter scatter density for the Baffin Bay, which again has characteristics that are very 20 different from the other two regions. In general, ORAS5 simulates much thicker ice than retrieved by SMOS-SIT, but in contrast to the Laptev-Sea case, there is a quite well-defined concave downwards functional relationship between SMOS-SIT and ORAS5. This signals systematic rather than random sources for the departures, and would in principle allow for a successfully bias correction when mapping model equivalent to observations.
[ Figure 3 about here.]
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An interpretation of the results in Figure 3 needs to start from the appreciation that the regions shown have quite different physical characteristics: in the Barents and Kara Seas, sea ice is strongly affected by warm Atlantic water being advected towards and under the ice. At the same time, prevailing winds modulate the location of the ice edge by transporting the ice.
Both processes are expected to be reasonably well simulated by ORAS5, because winds are prescribed as forcing, and the SST are ingested from an observational product. From the observational side, most of the calibration and validation campaigns for 30 SMOS-SIT have been carried out in this area Kaleschke et al. (2016) . Thus, the Barents and Kara Seas can be expected to be the region where the analysis-observation agreement is best.
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In the Laptev Sea, ice is still relatively well observed when it comes to SMOS-SIT validation, but it is more difficult to simulate in ORAS5. Because there is no ice edge in the Laptev Sea, SST information cannot be used to constrain the ice cover.
Furthermore, as clearly visible in Figure 1 , extensive polynyas form there in Feb-Apr, mainly when offshore winds push back the ice from land or land-fast sea ice. These processes are not well simulated by the sea-ice model, which tends to keep a compact thick sea ice cover even in the presence of offshore winds. As a result, major departures can be expected.
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Finally, in the Baffin Bay, the occurrence of thinner ice of varying thickness is modelled and observed, but the modelled ice is roughly twice as thick. There is independent information that suggests that SMOS ice thickness is biased low there (see also Landy et al. (2017) ). CryoSat2 estimates (Laxon et al. (2013) , http://www.cpom.ucl.ac.uk/csopr/seaice.html) indicate that between February and April, the ice in this region is typically 1.5 m thick. This is confirmed by independent expert judgement by ice chart analysts, who estimate that ice in this region and this season would typically be at least 1m thick (Nick Hughes, Given that ORAS5, CryoSat2, and expert judgement agree that sea ice in the Baffin Bay in this time of the year should be considerably thicker than SMOS-derived thicknesses, we tentatively suggest that there is a problem with the retrieval assumption of SMOS-SIT in this region. From Figures 5 (a) ,(e) it can be seen that the slight decrease in SMOS TB from February onwards is interpreted as a slight decrease in SIT by SMOS-SIT, in disagreement with the ORAS5 analysis. Sea ice concentration is unlikely to play a role, as it is close to 100% in both model and observations (Figure 5b ). There was a considerable 5 and varying amount of radio-frequency interference (Figure 5f ), but it seems that its impact is successfully removed by the processing chain when calculating the brightness temperatures.
Surface temperature (Figure 5d ) is consistently colder in ORAS5 than in SMOS-SIT. This is linked with the thicker ice which reduces conductive heat fluxes through the ice that warm the surface. However, different meteorological conditions in the two reanalyses used (JRA-25 and ERA-Interim) might also play a role. Note that there is an apparent artefact in the ice 10 surface temperature in the SMOS-SIT product: it has a constant value of around -4°C for extended periods in November and December. Differences in snow thicknesses (Figure 5c ) mirror differences in the ice thickness, because SMOS-SIT assumes an empirical piecewise linear relationship between the two (Tian-Kunze et al., 2014). Perhaps more importantly than all previous considerations, sensitivity studies by Maaß (2013) suggest that the decrease in TB could be the result of the sea ice becoming fresher at a different rate than assumed by the empirical rate assumed by SMOS-SIT. Testing this hypothesis is beyond the 15 scope of this paper, because neither does SMOS-SIT deliver the assumed sea ice salinity as part of the data product, nor does the ORAS5 sea ice model have a good treatment of ice salinity. Further investigation should be undertaken, and we suggest that the assumed sea ice salinity be made part of the SMOS-SIT data product.
[ Figure 5 about here.] 5 Interannual variability
20
Despite the uncertainties at a local scale discussed in the previous sections, there is good agreement in the large-scale distribution of thin sea ice and its interannual variability. CryoSat2 radar altimetry (Tilling et al., 2015) .
It is important to recall that, in the thickness range 0.9 m and above, SMOS-SIT heavily relies on auxiliary fields to retrieve the sea-ice thickness from SMOS brightness temperature. To produce Figure 6 it was necessary to consider all SMOS-SIT data 8
The Cryosphere Discuss., points, even those with high uncertainty and/or saturation ratio close to 100%. As shown in Appendix D, the resulting maps and scatter densities are not realistic, and one should be cautious when interpreting the lowermost curve in Figure 6a . Nevertheless, it is encouraging to see that overall the same interannual variability and trends of thin sea ice area are derived from ORAS5 and SMOS-SIT.
[ Figure 6 about here.] Interannual variability and trends for sea ice in the Arctic do not occur homogeneously. Figure 6 shows November conditions, when sea ice is present not only in the central Arctic Ocean, but also in the adjacent Seas, in the Canadian Archipelago, The Baffin Bay, Labrador Sea and the Hudson Bay. All these regions are exposed to regional climate variability and change that is not necessarily aligned: the Barents, Kara and Laptev Seas are heavily influenced by the North Atlantic inflow. In the East Siberian, Chukchi and Beaufort Seas the role of the North Atlantic diminishes, and other processes related to the Siberian High 10 and inflow Pacific climate become important.
In the East Siberian, Chukchi, and Beaufort Seas (Figure 7a,b) , interannual variability of area cover is higher for thicker ice than it is for thinner ice. This feature is detected by both SMOS-SIT and ORAS5; it is more pronounced in ORAS5, where the area covered by ice thicker than 0.7 m more than doubled between 2012 and 2013, and than decreased in each subsequent to reach the same level as 2012 in 2016.
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The Barents, Kara and Laptev Seas (Figure 7c,d ), also exhibit a strongly reduced area coverage in 2012 for all thickness categories. However, ice cover continued to increase until 2014, by which time the area covered was almost twice as high as 2012 in some categories. The unusually high area cover in 2014 might at least in parts be due to an unusual circulation in autumn 2014: anomalously high pressure over Scandinavia combined with low pressure over Siberia in September-November led to anomalous high northerly components in the winds in these seas, which would have both encouraged thermodynamic 20 ice growth and spreading of the ice by advection.
Another interesting feature in the Barents, Kara, and Laptev Seas is the increasing area of ice thicker than 0.9 m simulated by ORAS5. The year-to-year changes in thicker ice area as seen by SMOS-SIT are very different, but we would advise caution when interpreting the SMOS-SIT time series for these thicker ice categories for the reasons detailed in Appendix D.
Finally, in Canadian waters, the Baffin Bay, and the Labrador Sea (Figure 7e,f) , no decrease in ice area for any category is 25 detected, neither by SMOS-SIT nor by ORAS5. Relative year-to-year variations in ice area also tend to be much smaller than in the other two areas.
[ Figure 7 about here.]
Discussion
In light of the previously discussed shortcomings and uncertainties both in the current version of the SMOS-SIT data and the On the model side, the lack of ice thickness categories in combination with an artificial threshold of minimum ice thickness while freezing leads to overestimation of ice thicknesses during freeze-up season (October-December). Later in winter, the model is mostly incapable of simulating the polynyas and fracture zones present in the interior of the ice pack.
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On the observational side, low sensitivity of the SMOS brightness temperatures for ice thicknesses larger than 0.5 m is compensated in the SMOS-SIT retrieval algorithm by heavily relying on auxiliary fields from external sources, such as 2 m temperature and winds, sea ice salinity, and snow thickness on sea ice. These have considerable and poorly quantified uncertainties associated with them, which reflects in uncertainty in the retrieved ice thickness.
The previous example illustrates that analysis-observation departures have different fundamental reasons, and future data 10 assimilation studies using SMOS should treat each of the following scenarios differently: 1. The model over-or underestimates large-scale ice thickness in the areas of first-year ice. Typical is an overestimation in October-December in the Arctic Shelf Seas. Sea-ice thickness as derived by SMOS is within the range of the unconstrained sea-ice model, so that data assimilation will unequivocally provide a better estimate of the truth than model or observations alone. 
SMOS-SIT systematically underestimates ice thickness. We argue that this typically occurs in the Baffin Bay and
Labrador Sea during late winter. Assimilating SMOS-SIT data here would deteriorate the simulated state. We would argue that the quality of the observational product in this region needs to be improved before using it for data assimilation. 3 . SMOS-SIT detects the presence of thin ice in fracture zones and polynyas, but the model has structural limitations that 20 prevent it from simulating these. Here, SMOS-SIT can contribute to model validation and improvement. Assimilating SMOS-SIT data would lead to a better state estimate, but would force the model outside the range of states it would normally occupy. Assimilation is probably beneficial to arrive at better state estimates and initial conditions, but investigation is needed to ensure no undesired unphysical side-effects are triggered during the assimilation.
With further progress in the retrieval algorithms and the modelling for thin sea ice, the distinction between the above three 25 departure scenario might become obsolete, and direct, unqualified use of the data for model validation and data assimilation will become possible. Until then, we suggest to use SMOS-SIT data as a means of detecting the presence of thin sea ice, and design data assimilation studies with the above three departure scenarios in mind.
Conclusions
It has been demonstrated here that there is huge potential for sea ice thickness from SMOS to be useful for validation of and 30 data assimilation in prognostic ocean/sea ice models, but that there are outstanding questions on the uncertainty of the retrieved ice thickness.
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Departures of ice thickness between the ice-ocean analysis ORAS5 and the SMOS-SIT observational product have a complex structure and depend on the region, season, and thickness range considered. In general, there is reasonable agreement between observed and analysed ice thickness early in the freezing season from October to November. Later on, in most regions the analysis shows ice thickness that are continuously growing, whereas SMOS ice thickness saturates. This saturation occurs even when filtering out data that is flagged as having a low uncertainty in the SMOS-SIT data product.
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Some large late-winter departures are due to the occurrence of fracture zones and polynyas within the ice pack. These are well-detected by SMOS-SIT, but only poorly simulated by the model. Other late-winter departures, for instance in the Baffin Bay region, seem to be caused by SMOS-SIT data being biased low. Some hypotheses for the low bias have been suggested, but further investigation is needed here.
Despite the local uncertainties, there is good agreement in the large-scale distribution of thin sea ice, and in its interannual Sea-ice thickness retrievals from L-band missions like SMOS are novel and innovative, and we are only just beginning to harness its unique benefits. However, it needs to be kept in mind that this remote sensing technique is fundamentally limited to thin sea ice, and careful investigations are required to quantify this limit.
By contrasting L-Band sea-ice thickness retrievals with sea-ice thickness from an independent ocean reanalysis over seven winters 2010 to 2016, the present study explores the limits of both data sets. There is encouraging agreement in some aspects, 20 but systematic discrepancies in other aspects. A case-by-case consideration is necessary to determine whether the truth most likely lies closer to the observational or the reanalysis data set.
In the light of these findings, we advise caution when using sea-ice thickness from SMOS for model validation and data assimilation. To make progress in reconciling observation and model data, it would be beneficial to integrate the retrieval model better with the systems that are used to produce the ancillary data for the retrieval, most importantly the meteorological and 25 oceanographic surface parameters. This integration would allow a systematic analysis of the uncertainties and sensitivities of retrieved sea ice thickness, which in turn is an essential step towards assimilation of sea-ice thickness within a well-balanced data assimilation system. Eventually, a full exploitation of the information about sea-ice thickness contained in L-Band radiometry will lead to a better sea-ice analysis, and hence to better forecasts in polar regions from days to seasons.
Appendix A: Changes from the previous data version 30 In the previous data version 2.1, look-up tables were used in the retrieval algorithm to speed up processing. The resulting discretisation leads to a substantial retrieval artefact. As Figure 8 demonstrates, the frequency distribution of retrieved sea ice thickness (SIT) has an unphysical multi-mode structure, with local minima at around 15, 25, 45 and 80 cm. These modes are
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The Cryosphere Discuss., https://doi.org/ 10.5194/tc-2017- very strong, for instance SMOS-SIT has four times more sea ice at 30cm than at 25cm. This artefact could potentially cause major problems in correct geophysical interpretation of the data, and could cause spurious results when using SMOS-SIT for data assimilation. In the current version 3.1 of the data, the problem has been addressed by introducing more entries in the look-up table with a finer spacing. Furthermore, in the process of converting plane-layer ice thickness into heterogeneous mean ice thickness, instead of using look-up table method, a parametrized converting function is applied, which avoid the abrupt 5 transition caused by dividing the ice thickness into discrete entries.
[ Figure 8 about here.] Appendix B: Ambiguities when retrieving sea-ice thickness from SMOS TB SIT retrieved from L-band microwave radiance is limited by penetration depth of the radiation in sea ice. The maximum retrievable ice thickness is reached when the L-band brightness temperature has no useful sensitivity to SIT any more, or when 10 it is dominated by uncertain ice salinity and ice temperature (Tian-Kunze et al., 2014) . Figure 9 shows that for SMOS-SIT, throughout the data set, there is a strong functional relationship between retrieved SIT and TB. TB is very sensitive to SIT of up to 50cm or so, but beyond that the slope TB/SIT of the relationship is small, meaning that SIT is only poorly constrained by TB, and auxiliary data become more important to determine the retrieved SIT.
Unfortunately, for footprints which are partially open water, SMOS-SIT does not take into account the emission of the open 15 water. As shown in Figure 9 (middle and right), in the range 0-50cm, there is typically a sizeable open water fraction, and there is a linear relationship between ice concentration and SMOS TB. This suggest that SMOS-SIT erroneously ascribes low TB to thinner ice instead of to the open water contribution, and hence below 50cm we must expect SMOS to be biased low (see also Tian-Kunze et al. (2014) ). However, this might be compensated by the fact that retrievals for sea ice concentration are often also biased low for areas of thin sea (Kwok et al., 2007) . For retrieved ice thicknesses above 50cm, the open water fraction is 20 usually low so does not contribute to the TB; however, in this range the retrieved thickness is dominated by poorly constrained assumptions about snow, ice temperature and ice salinity.
[ Figure 9 about here.] Appendix C: Day-to-day variability Sea ice thickness at a particular location retrieved from SMOS-SIT varies much more from one day to the next than analysed 25 by ORAS5 (Figure 10) . Note that the distribution of daily SIT changes is much broader for SMOS-SIT than for ORAS5.
Extreme daily thickness changes of more than 0.2 m occur around 6% of the time in SMOS-SIT, but less than 1% of the time in ORAS5. These changes can have either thermodynamic causes (ice mass changes) or advective causes (ice is moved in/out of grid cell). A SMOS-SIT grid cell has a width of 12.5km. That means, for references, an advective change of 0.2 m would require a nearby step change of 0.2 m in the ice thickness, combined with strong winds or ocean currents that are able to move 30 the ice by 12.5 km in a day. Alternatively, if the change was thermodynamic, a surface heat flux of 700 Wm2 over that day for
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The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-247 Manuscript under review for journal The Cryosphere Discussion started: 1 December 2017 c Author(s) 2017. CC BY 4.0 License. the whole 12.5 km grid cell would be required. These extreme conditions should only be expected to occur near the ice edge, and in polynyas and fracture zones, and therefore daily changes of 0.2 m or more should be rare.
[ Figure 10 about here.] Inspection of maps of daily changes reveals that large SIT changes in SMOS-SIT are not restricted to the ice edge, polynyas and fracture zones, but occur over extended large-scale areas that correspond to changing synoptic weather patterns. An exam-5 ple is given in Figure 11 . On 16 Nov 2015, ice surface temperatures derived by SMOS-SIT were around -15°C in the Laptev Sea and SMOS-derived ice thicknesses ranged between 0.5 and 1 m. The next day, SMOS-derived ice surface temperatures in this region increased by 5 K in a very coherent and homogeneous structure, while brightness temperatures decreased only slightly and with less spatial coherence. The SMOS-derived SIT over the Laptev Sea changed coherently by more than 0.2 m in some areas. Given that it is impossible for the ice to change that way in reality, taking into account both thermodynamic 10 and advective forcing, it must be concluded that this wide-spread ice thinning by 0.2 m from one day to the next is an error in the retrieval algorithm: strong changes in the ice surface temperature, in reality caused by synoptic changes, together with unremarkable change in brightness temperatures, are erroneously interpreted as a strong thinning of the ice.
The unrealistic strong day-to-day fluctuations in the SMOS-SIT data are likely due to either errors in the ancillary fields, or due to the assumption of a linear temperature profile within the ice. If there are relevant errors in the ancillary fields, a quick 15 change in the field will lead to a quick change in the retrieved ice thickness that is not realistic. The limits to the validity of the assumption of a linear temperature profile has been investigated in detail by Maaß (2013). They found that, after abrupt changes in the meteorological conditions, the temperature profile within the ice can take several days to adjust. Based on these results, we tentatively suggest that the assumption of the linear temperature profile within the ice is responsible for the unrealistic day-to-day changes in the SMOS-SIT data.
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However, this question can only be answered satisfyingly by further research which has full control both over the SMOS-SIT retrieval model and the ancillary meteorological and oceanographic fields. At production, these ancillary fields form part of an data assimilation system, and therefore advanced and well-studied uncertainty estimates are available. It would be a valuable first step towards assimilation of SMOS brightness temperatures for SIT, if the SMOS-SIT retrieval model could be installed at one of the operational centres who produces the ancillary fields, and test sensitivity of the retrieved SIT to their known 25 uncertainties.
[ Figure 11 about here.] Appendix D: Representation of thicker ice When interpreting sea-ice thicknesses of 0.5 m or higher from SMOS-SIT, it is essential to inspect the provided uncertainties.
Neglecting to do so easily results in wrong conclusions. As an example, Figure 12 shows sea-ice thickness on a single day (15 30 Nov 2012) as seen by SMOS-SIT and ORAS5. When considering all data from SMOS-SIT (Figure 12a ), a false impression of almost uniformly 1 m thick sea ice throughout the Arctic Ocean is given, which is unrealistic given the well-known fact that the 13 The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-247 Manuscript under review for journal The Cryosphere Discussion started: 1 December 2017 c Author(s) 2017. CC BY 4.0 License. multi-year ice north of Greenland and the Canadian Archipelago is several meters thick, whereas the newly formed first-year ice in the marginal seas of the Arctic Ocean is probably thinner than 1 m. Sea-ice thickness in ORAS5 (Figure 12b ) clearly shows the expected structure, in good agreement with other observations and modelling results (Kwok and Cunningham, 2008; Schweiger et al., 2011; Laxon et al., 2013) . Figure 12c shows the corresponding scatter density between SMOS-SIT and ORAS5 sea ice thickness for the freeze-up 
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The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-247 Manuscript under review for journal The Cryosphere Discussion started: 1 December 2017 c Author(s) 2017. CC BY 4.0 License. Figure 9 . Scatter density of (a) SMOS TB and SMOS-SIT-derived sea ice thickness, (b) SMOS TB and sea-ice concentration, (c) sea-ice concentration and SMOS-SIT sea-ice thickness. The scatter density is calculated from all SMOS-SIT data points over the period 15 Oct 2015 to 15 Apr 2016, no filtering has been applied.
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The Cryosphere Discuss., https://doi.org/10.5194/tc-2017-247 Manuscript under review for journal The Cryosphere Discussion started: 1 December 2017 c Author(s) 2017. CC BY 4.0 License. Figure 10 . Frequency distribution of SMOS-SIT-derived (left) and ORAS5 (right) daily sea ice thickness changes in the period 15 Oct 2015 to 15 Apr 2016. To produce these histograms, only those differences between consecutive days at the same location have been taken into account where the uncertainty diagnostics provided with SMOS-SIT for both days indicate a reliable retrieval (saturation ration < 100%, uncertainty < 1 m, sea-ice concentration > 50%). Day-to-day thickness changes are outside ±0.4 m in less than 1% of the cases.
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